Structures, Energetics, and Reaction Barriers for CH_x Bound to the Nickel (111) Surface by Mueller, Jonathan E. et al.
Structures, Energetics, and Reaction Barriers for CHx Bound to the Nickel (111) Surface
Jonathan E. Mueller, Adri C. T. van Duin,† and William A. Goddard III*
Materials and Process Simulation Center, California Institute of Technology, Pasadena California 91125
ReceiVed: December 1, 2008; ReVised Manuscript ReceiVed: August 3, 2009
To provide a basis for understanding and improving such reactive processes on nickel surfaces as the catalytic
steam reforming of hydrocarbons, the decomposition of hydrocarbons at fuel cell anodes, and the growth of
carbon nanotubes, we report quantum mechanics calculations (PBE flavor of density functional theory, DFT)
of the structures, binding energies, and reaction barriers for all CHx species on the Ni(111) surface using
periodically infinite slabs. We find that all CHx species prefer binding to µ3 (3-fold) sites leading to bond
energies ranging from 42.7 kcal/mol for CH3 to 148.9 kcal/mol for CH (the number of Ni-C bonds is not
well-defined). We find reaction barriers of 18.3 kcal/mol for CH3,ad f CH2,ad + Had (with ∆E ) +1.3 kcal/
mol), 8.2 kcal/mol for CH2,ad f CHad + Had (with ∆E ) -10.2 kcal/mol) and 32.3 kcal/mol for CHad f Cad
+ Had (with ∆E ) 11.6 kcal/mol). Thus, CHad is the stable form of CHx on the surface. These results are in
good agreement with the experimental data for the thermodynamic stability of small hydrocarbon species
following dissociation of methane on Ni(111) and with the intermediates isolated during the reverse methanation
process.
1. Introduction
The chemistry of hydrocarbons reacting on nickel is relevant
for a number of scientific and technological reasons. Nickel is
the primary catalyst in the steam reforming process1 for
converting methane (CH4) and water into synthesis gas (carbon
monoxide plus dihydrogen), which is then used in such
important industrial processes as the Haber Bosch synthesis of
ammonia and the Fischer-Tropsch formation of higher hydro-
carbons.2 In addition, nickel has been used to catalyze the
formation and growth of carbon nanotubes from hydrocarbon
feedstock.3
The role of nickel as the catalyst of choice for industrial steam
reformation motivated a number of experimental and theoretical
studies of CH4 adsorption and decomposition on various nickel
surfaces. Since the dissociative chemisorption of CH4 unto the
catalyst is the rate-limiting step, the focus has been on the
energetics and activation barrier for this chemisorption process
on various nickel surfaces. Early experiments demonstrated that
the Ni(111) surface is the least reactive of the low index
surfaces;4 however, as the most stable surface, most subsequent
studies were for this surface.
High-resolution electron energy loss spectroscopy (HREELS)
experiments have identified the stable species formed from the
dissociative chemisorption of CH4 on Ni(111) as a function of
temperature.5,6 These studies show that above 150 K methyl
(CH3,ad) loses two H atoms to form methylidine (CHad), which
dimerizes above 250 K to form chemisorbed acetylene,
(CHdCH)ad. The effect of additional heating depends on the
surface coverage. If the surface coverage of (CHdCH)ad is at
least 0.24 monolayers (ML), the (CHdCH)ad molecules join
together to form four-, six-, and eight-membered rings. However,
for surface coverages below 0.05 ML, dehydrogenation of
(CHdCH)ad occurs before the (CHdCH)ad molecules can diffuse
to react with each other to form ring structures. Another study7
used static secondary ion mass spectrometry (SIMS) to detect
CH3,ad, methylene (CH2,ad), and CHad intermediates in the
Fischer-Tropsch synthesis of CH4 and water from carbon
monoxide and hydrogen gas catalyzed on Ni(111). The presence
of all three CHx intermediates on the Ni(111) surface provides
evidence for a sequential hydrogenation mechanism in which
no single hydrogenation step dominates the overall reaction rate.
Several theoretical studies have reported relative stabilities
of CHx species on Ni(111).8-16 All studies agree qualitatively
that the strength of the bond formed to the surface decreases as
the number of H substituents is increased; however, quantitative
results from previous studies often disagree significantly. Thus,
binding energies have been reported
• from 1349 to 176 kcal/mol8 for Cad at a µ3 fcc site (we find
154.8 kcal/mol for a µ3 hcp sites),
• from 6917 to 165 kcal/mol8 for CHad at a µ3 fcc site (we
find 148.9 kcal/mol for a µ3 hcp site),
• from 6217 to 104 kcal/mol8,9 for CH2,ad at a µ3 fcc site (we
find 89.3 kcal/mol for a µ3 fcc site), and
• from 159 to 49 kcal/mol13 for CH3,ad at a µ3 fcc site (we
find 42.7 kcal/mol for a µ3 fcc site).
Various studies also disagree as to which site is most
energetically favorable. (See Figure 1 for a description of
binding sites). Two DFT cluster studies8,9 predict that CH3,ad
prefers the on-top site to the fcc site by ∼10 kcal/mol, while
CI calculations on an embedded Ni cluster16 predict that the
fcc site is preferred by 5 kcal/mol. These differences in binding
energies lead to rather different predictions for the energetics
of reactions involving these species. Watwe14 and Au8 both
predict that CH3,ad f CH2,ad + Had is slightly exothermic (∆E
) -0.7 and -3.5 kcal/mol, respectively), while Siegbahn13 and
Michaelides11 predict that it is endothermic (∆E ) +8.0 kcal/
mol and +11.4 kcal/mol, respectively); we predict a slightly
endothermic reaction (∆E ) +2.4). The reaction energies and
barriers for breaking the two remaining C-H bonds show
similar inconsistencies between studies. Nevertheless, the
calculated vibrational states of these species18,10,12,15,16 match
experimental spectroscopic measurements.6
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Here we report binding energies and heats of formation for
CH3,ad, CH2,ad, CHad, Cad, and Had on the Ni(111) surface
obtained from DFT calculations on periodically infinite slabs.
We also report the pathway and barriers for interconversion
between these species as calculated using the nudged elastic
band (NEB) method. The theoretical methods and computational
details are discussed in Section 2, with the results in Section 3.
The binding of each adsorbate at each possible surface site is
presented before the transition states for reactions involving
these species as products and reactants. Section 4 compares these
results with experimental observations of the species resulting
from chemisorption of CH4 on the Ni(111) surface and of
intermediate species in the conversion of CO and H2 to CH4,
as well as with previous theoretical results.
2. Theoretical Methods
2.1. DFT Methods. All of our periodic DFT calculations
utilize the generalized gradient approximation (GGA) for
exchange correlation energy developed by Perdew, Burke, and
Ernzerhof (PBE).19 The 18 core electrons (1s, 2s, 2p, 3s, 3p) of
Ni were replaced with an angular momentum projected norm
conserving pseudopotential, and the 1s electrons of C were also
replaced with such a pseudopotential. The pseudopotential
parameters are included in the Supporting Information.
We used a double- plus polarization basis set as implemented
in the SeqQuest20 periodic DFT code where the contraction
coefficients were optimized for a five-layer fcc Ni slab, and
diamond C. For the d basis functions on Ni and C, we included
only the five true d orbitals (excluding the 3s combination of
Cartesian Gaussians).
All geometry optimization calculations allowed spin polariza-
tion with the net spin projection optimized. We did not require
that the net spin projection be maintained in comparing energies
of reactants and products. Instead, we assumed that the deeper
layers of a realistic nickel crystal surface would act as a ‘spin
bath’ to balance the optimum spin at a surface site without
altering the intensive spin properties of the crystal. For the NEB
pathways we used the lowest spin state for the reactant
(hydrogenated species) along the entire pathway.
We found that the energies of various spin projections led to
a smooth minimum centered about the optimum spin projection.
We chose to restrict the net spin projection to the nearest half
integral Ms spin projection to simplify analysis of the wave
function. We did this by finding the Ms value for which the
energy values of the Ms states 1/2 Ms higher and 1/2 Ms lower
both yield higher energies. The energies of these three states
were typically within 2 kcal/mol of each other, so we expect
our energy to be within 1 kcal/mol of the bottom of the Ms
energy well. The importance of using the optimum spin in all
calculations can be seen by comparing the cases of C and H
binding to µ3 fcc sites with and without using the lowest energy
spin polarization of each system. We find that
• Assuming the bare Ni slab to have a closed-shell singlet
spin state increases the energy (compared to the optimum spin
state with 12 unpaired spins per 16 Ni atoms) by 31.8 kcal/
mol.
• Assuming the system with C bonded to the slab to have a
closed-shell singlet state increases the energy (compared to the
optimum state with 10 unpaired spins per 16 Ni atoms) by 23.5
kcal/mol.
• Thus, assuming a closed-shell singlet state overestimates
the binding energy of C by 8.3 kcal/mol.
Similarly, the closed-shell singlet state assumption gives rise
to an energy of H chemisorbed to the slab which is 30.3 kcal/
mol higher than the optimal spin state, leading to an overestima-
tion of 1.5 kcal/mol in the binding energy of H.
While this approach leads to reliable energies and structures,
it can provide misleading comparisons between the spin states
of different systems. For example we find that the lowest energy
spin state for the bare Ni slab and also for CH3 bonded at an
fcc site is Ms ) 12/2. This result suggests that that there is no
net change in the spin of the slab by binding CH3. However
fitting the energies associated with Ms ) 11/2, 12/2, and 13/2
to a parabola leads to an optimum predicted spin of 12.38/2
(henceforth reported as “12.38”) for the bare Ni slab and 11.54
for the CH3-bonded system, a reduction of the spin by 0.84.
Thus we use such estimates, rather than the spin of our lowest
energy calculation, to compare the optimum spin of various
systems. See the Supporting Information for the details relevant
to these estimates.
One issue with DFT calculations is the accuracy expected
from various functionals (known as flavors of DFT). Unfortu-
nately there are few cases for which accurate experimental rate
parameters are available for a well-defined step of the reaction.
One surface reaction for which PBE, B3LYP, and experiment
are all available is the activation of propane by the vanadyl
oxygen of supported V2O5.21 Here B3LYP leads to a barrier of
23.0 kcal/mol while PBE leads to a barrier of 27.3 kcal/mol,
both of which are close to the experimental value of 27.0 kcal/
mol. This suggests that PBE barriers for surface reactions might
be accurate within a few kcal/mol.
2.2. Band Calculations. All calculations used a p(2 × 2)
two-dimensionally periodic unit cell with periodic sides of a )
b ) 4.98 Å each, and angles of R )  ) 90° and γ )120°.
These parameters correspond to the experimental lattice con-
stants for bulk nickel. We used c ) 21.00 Å for the third cell
parameter leading to a minimum vacuum region of 6 Å between
the top of the adsorbent molecule in one periodic unit cell and
the bottom of the slab in the next unit cell up.
A slab consisting of four layers of Ni atoms was used for all
calculations. We tested the binding energies of C and CH for
slabs with two to nine layers and found reasonable convergence
for four layers (Figure 2). The Ni atoms comprising the bottom
three layers were fixed at the experimental Ni lattice distance
(2.49 Å)22 with only the Ni atoms in the top layer allowed to
Figure 1. Three views of the periodic Ni(111) slab used to model the
Ni(111) surface: side views of a single unit cell (a) along the x direction,
and (b) along the y direction; (c) a top view (along the z direction) of
4 (2 × 2) unit cells. Examples of high-symmetry binding sites are
labeled. One-fold (i.e., µ1 on-top) sites lie directly above a single surface
atom. 2-fold (i.e., µ2 bridge) sites lie halfway between two adjacent
surface atoms. 3-fold sites (µ3 hcp or µ3 fcc) lie equidistant from three
nearest neighbor surface atoms. If there is an atom directly below the
3-fold site in the first subsurface layer, the site is a µ3 hcp site. If instead
there is an atom directly below the 3-fold site in the second subsurface
layer, the site is a µ3 fcc site.
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relax. We tested this restriction by allowing the second layer
of Ni atoms to also relax and found that the binding energy for
C at an fcc site improves by only 0.09 kcal/mol.
A grid of 0.091 Å was used for numerical integration in real
space. For a two dimensionally periodic slab (rather than a three-
dimensional periodic crystal), we consider band states in two
dimensions. The reciprocal space associated with the band states
was described with a 5 × 5 k-point grid Each of these
parameters was found to yield an energy convergence of less
than 1.0 kcal/mol.
Unconstrained geometry minimization was attempted for each
chemisorbed species at four sites (for description of sites see
Figure 1): µ3 fcc, µ3 hcp, µ2 bridge, and µ1 on-top. The µ3 fcc
and µ3 hcp sites were stable (i.e., were local potential energy
minima) for all adsorbed species. For the cases where binding
at a µ2 site was not stable, the NEB procedure was used to find
the transition state (TS) between the fcc and hcp sites. In cases
where the µ1 site was not stable the Ni atom in the top layer at
the on-top site and the central atom of the adsorbed species
were constrained to remain along a vector perpendicular to the
bottom surface proceeding out of a fixed atom directly below
them in the bottom layer.
The NEB procedure was also used to calculate energy barriers
for reactions. All calculations used consistent parameters (grids,
convergence criteria,23 number of layers, etc.). A post analysis
code was used to analyze the local charge and spin properties
of each system.24
2.3. Analysis. 2.3.1. Energies of Formation. Both energies
of formation (∆Eform) and atomization energies (∆Eatom) are
useful in comparing energetics of various systems.
Experimental energies of formation use as their reference
energy the ground state under standard conditions of temperature
and pressure. Thus, for the systems quoted here the energy per
atom in fcc Ni, graphite, and H2 is taken as zero. For DFT
calculations it is useful instead to refer to these systems at their
optimum structures, which ignores the zero-point energy (zpe)
and heat capacity of the vibrational modes. Since the energy
for bulk Ni (experimental lattice constant) with our pseudopo-
tential and basis is ENiref ) -93.63925709 Ryd, we subtract
this number times the number of Ni atoms to get the cohesive
energy, 116.0 kcal/mol. The total energy for a four layer slab
with 16 Ni atoms is -1497.811422 Ryd leading to a total surface
energy of Eslab - 16ENiref ) 130.7 or 16.3 kcal/mol per surface
atom.
It is more accurate to use diamond than graphite as a reference
for C in our DFT calculations because the bonding in diamond
is more similar to that of CH4 and the chemisorbed species.
Furthermore, DFT methods are not especially accurate for
graphite because of the importance of dispersion interactions
between the graphene sheets, which are not well described by
DFT. Our calculated energy of diamond (experimental structure)
is EdiamC ) -11.39428812 Ryd. Since the experimental energy
of diamond is 0.45 kcal/mol higher than that of graphite,25 we
set ECref ) 11.39428812 + 0.45 kcal/mol ) -11.3957223633
Ryd.
To be consistent with the energy for H2 we calculated it with
SeqQuest using the same periodic cell as in our slab calculations.
UsingtheoptimizedbonddistanceweobtainEHref)-2.3311760070
Ryd. The absolute energies and geometries from these reference
calculations are given in the Supporting Information along with
the slab energies and geometries with the various adsorbates.
For any other calculation with NNi Ni atoms, NC C atoms,
and NH H atoms we convert the DFT energy to a total energy
of formation by subtracting NNi ECref, NC ECref, and NH EHref.
This is the general procedure; however, since every calculation
uses exactly the same Ni slab we just subtract the total energy
of the Ni slab to obtain energies of formation (∆Eform).
2.3.2. Atomization Energies. A second reference energy
convention for DFT calculations is the atomization energy
(∆Eatom), which is the energy to break every bond to form every
atom in its ground state. Normally this would be Ni in its 3F
state, C in its 3P state, and H in its 2S state. However, since the
slab is common to all atoms we instead reference Ni to the
relaxed slab energy in quoting atomization energies.
The problem with atomization energies is that the DFT
calculations of the separate atomic states, which tend to be open
shell systems are usually not as accurate as for the bulk systems
and chemisorption calculations in which most electrons are spin
paired. This inaccuracy leads to systematic errors proportional
to the number of C and H atoms.
For the atomic reference states, we placed a single atom in
the same periodic unit cell used for the slab calculations. For C
we did a spatially unrestricted calculation with unpaired px and
py orbitals, allowing the 2s to mix with the 2pz orbital.
The atomization energy for a configuration is obtained by
taking the energy of the configuration of interest and subtracting
the reference state energy of each type of atom in the cell times
the number of atoms of its type.
2.3.3. Adiabatic Bond and Snap Bond Energies. In analyz-
ing the energetic contributions of geometric factors in bonding
we find it useful to quote both the adiabatic bond energy (Ebond
which is the bond energy relative to the relaxed fragments),
and the snap bond energy (Esnap which is the bond energy relative
to the unrelaxed fragments). Thus, the adiabatic bond energy
for A-B is the energy difference between the optimized A-B
bonded species and the separated A and B fragments both
geometrically relaxed. The snap bond energy for A-B is the
energy difference between the optimized A-B system and the
separated (but not relaxed) A and B fragments. Thus, there is
no geometric relaxation of either the surface or the adsorbate
from their geometries when bonded together in calculating the
reference states for a snap bond energy. Furthermore, the spin
projections of the separated A and B are taken at the values
they would have after geometric relaxation. Thus, for example,
Figure 2. Deviation in binding energy (relative to average of bond
energy to eight and nine layer slabs) for C and CH bonded to fcc site
of Ni slabs with two to nine layers of Ni atoms. The positions of C or
CH and the Ni atoms in the first layer were allowed to relax. Nickel
atoms below the top layer where fixed in their experimental bulk
positions. From these results we concluded that calculations using the
four layer slab are reliable.
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the slab energy is calculated using the relaxed spin projection
of Ms ) 12/2.
2.4. Vibrations. To obtain zero-point energy (zpe) and finite
temperature (298.15 K) corrections for reliable comparison with
experiment, we performed DFT calculations on each CHx
species, C and H bonded to a µ3 fcc site on a nine atom Ni
cluster (six surface Ni atoms and three in the second layer).
The calculations were performed with the Jaguar 7.026 program’s
implementation of the DFT-B3LYP functional, which utilizes
the Becke three-parameter functional (B3)27 combined with the
correlation function developed by Lee, Yang, and Parr (LYP).28
Vibrational frequencies typically do not depend strongly on the
method and model used29 so the use of another model and DFT
method is appropriate. The positions of the Ni atoms were fixed
at their respective positions from our slab calculations and the
adsorbate was allowed to relax. The normal modes for the
adsorbate were then used to calculate zpe and 298.15 K finite
temperature corrections to the energy. Calculations of CH4, CH3,
CH2, CH, and H2 in the gas phase were used to compute the
zpe and 298.15 K adiabatic bond energies and reaction enthal-
pies (∆H) for these species based on rotational and vibrational
modes. Translational affects were ignored because they depend
on the pressure. The detailed results of the cluster calculations
are tabulated in the Supporting Information.
3. Results
3.1. Ni(111) fcc Slab (Figure 1). Using the experimental
cell parameters we calculate an optimum spin projection for
bulk Ni (12 atoms per cell) to be 3/4 unpaired electrons per Ni
(9 unpaired spins per cell). Fitting the energies for the Ms )
8/2, 9/2, and 10/2 spin polarization states to a parabola leads to
an optimum spin polarization of 8.57 or 0.71 unpaired spins
per Ni. This result agrees roughly with the experimental
magnetization of bulk Ni of 0.61.30 Assuming a closed-shell
configuration for bulk Ni increases the energy of the 12 Ni atom
unit cell by 21.5 or 1.8 kcal/mol per Ni.
For the bare Ni(111) surface we consider a four layer
periodically infinite slab with four atoms per layer per unit cell
(a 2 × 2 surface cell). We find a net spin polarization of 12
unpaired electrons for the 16 atoms in the unit cell leading to
3/4 unpaired electron per slab Ni. The optimum spin is 12.38
unpaired spins or 0.77 unpaired spins per Ni. This optimum
spin leads to a modest increase of 0.06 spins per Ni or 0.12 per
surface atom from the bulk value, indicating the (111) surface
has only a small effect on the magnetization. This negligible
difference between the bulk and slab magnetization for Ni(111)
agrees with previous Green’s function calculations31 (0.64 for
bulk and 0.64 for six-layer slab) and tight-binding32 calculations
(0.59 for bulk and five-layer slab, 0.62 for three-layer slab).
Assuming a closed shell configuration for the nickel slab
increases the energy by 31.8 kcal/mol/cell or 2.0 kcal/mol per
Ni.
The spin populations are 0.74 unpaired spins for surface atoms
and 0.76 unpaired spins for central layers, indicating a very
modest change in spin associated with the surface. The spin on
all atoms is primarily confined to the d orbitals with 0.02 spin
associated with the s orbitals of each atom.
We calculate that the four-layer bare Ni(111) fcc slab has a
total surface energy of 130.7 kcal/mol per unit cell (two surfaces
with four atoms on each) or 16.3 kcal/mol per surface atom
compared to the energy of bulk nickel. This value gives a surface
energy of 2.11 J/m2, in reasonable agreement with experimental
results (2.38, 2.45 J/m2)33,34 and with other calculations (2.02,
2.01 J/m2).35,36 We find that the separation between the top layer
and the second layer remains effectively fixed at the bulk value
of 2.03 Å and that the energy decreases by a mere 0.1 kcal/mol
when the slab structure is relaxed (the distance between atoms
in the same layer remains fixed at the bulk value of 2.49 Å).
3.2. Adsorbed Species (Table 1). 3.2.1. H on Ni(111)
(Figure 3). We find that the most stable site for Had is the fcc
site with a binding energy of Ebond ) 65.7 kcal/mol leading to
∆H ) -13.5 kcal/mol at 0 K (relative to H2 gas and ignoring
the zpe corrections). Correcting for zpe leads to ∆H ) -12.6
kcal/mol at 0 K. Correcting for a finite temperature of 298.15
K leads to ∆H ) -12.8 kcal/mol, which is in good agreement
with flash desorption experiments (∆H ) -11.5 kcal/mol).37
Previous theoretical studies report binding energies of Ebond
) 57.8 kcal/mol9 from DFT(LDA) calculations on a Ni13 cluster,
Ebond ) 60.0 kcal/mol38 from DFT (PW91) with plane-waves
on a three-layer periodic slab, and Ebond ) 64.6 kcal/mol10 from
DFT (PW91) periodic calculations with plane-waves on a five
layer slab.
3.2.1.1. H at µ3 fcc Site. We calculate a snap bond energy
of Esnap ) 65.9 kcal/mol, indicating that binding H strains the
Ni slab by 0.2 kcal/mol. We find a bond distance of RH-Ni )
1.72 Å to each of the three nearest surface Ni atoms. The net
charge on the H atom is 0.21, and the three Ni atoms bonded
to it each have a charge of -0.09, resulting in a dipole moment
normal to the surface. There is no net spin on the H, while the
same three Ni atoms bonded to it each have a spin density of
0.67, 0.07 less than in the bare slab. Thus the lowest energy
total spin projection for the slab is still Ms ) 12/2, with a small
amount of spin transfer among the Ni atoms to accommodate
H binding to the slab. We find that the optimum spin of the
slab is 11.77 unpaired spins, indicating that binding H decreases
the spin of the slab by 0.59. For a covalent bond to a localized
Figure 3. Adiabatic bond energies and geometries for H binding to (a) µ3 fcc site, (b) µ3 hcp site, (c) µ2 bridge site, and (d) µ1 on-top site on
Ni(111).
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orbital on the surface, we would expect a decrease of 1.0. So a
decrease of 0.59 indicates fairly localized bonding between H
and the Ni orbitals. In fact, the reduction of the slab spin
involves primarily the dz2 orbitals of the three Ni atoms around
the site, with the spin on each of these orbitals reduced by 0.07.
3.2.1.2. H at µ3 hcp Site. We calculate the binding energy
to an hcp site to be 65.4 kcal/mol, 0.3 kcal/mol less than to an
fcc site. Nevertheless, the H-Ni bond distances of RH-Ni ) 1.72
Å remain the same with similar charges and spin densities on
all atoms.
3.2.1.3. H at µ2 Bridge Site. We find that binding at a µ2
bridge site is the saddle point on the NEB path between binding
to adjacent fcc and hcp sites. The bond energy is 62.6 kcal/mol
and the H-Ni bond distance of RH-Ni ) 1.64 Å between H and
the two Ni atoms coordinating with it is 0.08 Å shorter than
for H binding at a µ3 site (1.72 Å to three coordinating Ni
atoms). Thus, the barrier for H migration across the Ni(111)
surface is 3.1 kcal/mol (neglecting zpe and finite temperature
corrections).
Upon binding, the slab spin is reduced by 0.59 to 11.79,
reflecting a degree of covalent bonding on par with the bonding
at µ3 sites, as we might expect from the similar bond energies.
Again, the reduction in spin is primarily associated with dz2
orbitals on the two Ni atoms forming bonds with H, which each
lose 0.11 in spin density.
3.2.1.4. H at µ1 On-Top Site. Constraining H to an on-top
site leads to a bond energy of Ebond ) 52.7 kcal/mol, with a
H-Ni bond distance of RH-Ni ) 1.48 Å, a normal H-Ni single
bond distance. Here the charge on the H is only 0.09 while the
charge on the Ni bonded to H is -0.28, indicating polarization
of the surface. Once again, the reduction of spin is associated
with the dz2 orbital of the Ni atom bonding with H. This orbital
loses the majority of its spin (0.22 before and 0.07 after) in
bonding to H, leading to an optimum spin for the slab of 11.93,
reflecting a net reduction of 0.44 from the bare surface.
3.3.2. CH3 on Ni(111) (Figure 4). Methyl (CH3) has energy
minima for binding at both µ1 and µ3 sites, with the µ3 fcc site
being the most energetically favorable. The µ2 site is a saddle
point along the lowest energy pathway for migration between
adjacent µ3 sites and is lower in energy than binding to a µ1
site.
3.2.2.1. CH3 at µ3 fcc Site. As with H, the fcc site is the
most favorable binding location for CH3, leading to an adiabatic
bond energy of Ebond ) 42.7 kcal/mol. The bound CH3 has an
H-C-H bond angles of 107° and C-H distances of RC-H )
1.11 Å, whereas in the gas phase the H-C-H bond angles are
wider (120° for planar methyl) and the C-H bonds shorter
(RC-H ) 1.09 Å, which is a normal C-H bond length). The
H-C-H bond angles indicate sp3 hybridization of C allowing
an sp3 orbital to point directly into the surface and bind to a
partially occupied Ni interstitial orbital39 in the µ3 site. Keeping
the CH3 fixed at the chemisorbed structure leads to a snap bond
energy of Esnap ) 53.9 kcal/mol, 11.2 kcal/mol higher than Ebond.
Of this energy difference 10.6 kcal/mol is due to strain in CH3
associated with changing the C hybridization from sp2 to sp3.
The remaining 0.6 kcal/mol results from strain in the Ni slab.
The lowest energy integral value for the spin is still Ms )
12/2; however, we calculate an optimal spin of 11.54, which is
0.84 less than the bare Ni slab. This reduction in optimal spin
indicates that CH3 makes a covalent bond to a localized slab
orbital. Most of the spin reduction in the slab is associated with
the dxz and dyz orbitals on three surface Ni atoms bound to CH3,
which each have their spin reduced by between 0.11 and 0.08.
This reduction of spin in the d orbitals rather than the s orbitals
suggests that linear combinations of d orbitals lead to the
molecular orbital at the fcc interstitial site (as in the interstitial
TABLE 1: Summary of Hydrocarbon Binding Data on Ni(111)a
bound species binding site calcd spin opt. spin Ebond Esnap CHx strain slab strain ∆Eatom ∆Eform
Ni Slab none 12/2 12.38 0.0 0.0 0.0 NA 0.0 0.0
H fcc 12/2 11.77 65.7 65.9 0.0 0.2 -65.7 -13.5
H hcp 12/2 11.78 65.4 65.7 0.0 0.3 -65.4 -13.2
H bridge 12/2 11.79 62.6 62.8 0.0 0.2 -62.6 -10.4
H on-top 12/2 11.93 52.7 52.8 0.0 0.1 -52.7 -0.5
C fcc 10/2 9.87 153.2 155.0 0.0 1.8 -153.2 26.4
C hcp 10/2 9.82 154.8 156.4 0.0 1.6 -154.8 24.8
C bridge 10/2 10.04 143.1 147.6 0.0 4.5 -143.1 36.6
C on-top 11/2 10.96 103.6 104.2 0.0 0.6 -103.6 76.0
CH fcc 10/2 10.24 148.0 152.1 2.9 1.1 -231.2 0.6
CH hcp 10/2 10.06 148.9 153.3 2.9 1.4 -232.1 -0.3
CH bridge 10/2 10.42 139.4 146.1 3.0 3.7 -222.6 9.2
CH on-top 11/2 10.92 99.5 104.5 3.0 2.0 -182.7 49.1
CH2 fcc 11/2 10.88 89.3 100.0 9.9 0.8 -287.6 -3.6
CH2 hcp 11/2 10.77 88.6 99.4 9.8 1.1 -286.9 -2.9
CH2 bridge 12/2 11.04 83.9 91.3 6.5 1.0 -282.2 1.8
CH2 on-top 12/2 11.62 66.0 71.1 4.5 0.6 -264.3 19.7
CH3 fcc 12/2 11.54 42.7 53.9 10.6 0.5 -354.7 -18.4
CH3 hcp 12/2 11.60 42.3 53.6 10.5 0.7 -354.2 -18.0
CH3 bridge 12/2 11.69 39.3 50.5 10.0 1.2 -351.2 -15.0
CH3 on-top 12/2 11.80 37.2 45.7 6.9 1.5 -349.2 -12.9
a Calcd spin corresponds to the half-integer spin state with the lowest energy, which is the spin used in the optimum geometry and energy
calculations presented here. opt. spin is the optimum spin state (in number of unpaired electrons) predicted by a parabolic fit of the energies of
the lowest three half-integer spin calculations. Ebond is the adiabatic bond energy (difference between the geometry relaxed energy of the
complex and the sum of the geometry relaxed energies of the slab and the adsorbent infinitely separated from each other). Esnap is the bond
energy for which the separated adsorbent geometry and the slab geometry remain the same as in the complex. CHx strain is the energy released
by relaxing the geometry of the adsorbate after breaking its bond to the surface by moving it infinitely far away. Slab strain is the energy
released by relaxing the slab geometry after moving the adsorbate that was bonding to it infinitely far away. ∆Eatom is the atomization energy
not including the energy for forming the Ni(111) slab. ∆Eform is the energy of formation with respect to standard states: H2 gas, graphite
(adjusted to our computational reference of diamond corrected using the 0.45 kcal/mol experimental value of diamond relative to graphite), and
the bare Ni(111) slab. All energies are in kcal/mol.
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electron model39) that bonds to the sp3 orbital of CH3. An
alternative interpretation is that the C sp3 orbital bonds with an
interstitial orbital formed primarily from s electrons but that
the spin reduction is passed off to nearby d orbitals. A large
drop in the center of the s band associated the three Ni atoms
involved in bonding (-4.19 to -5.19 eV) supports this latter
interpretation. The covalent nature of the bonding is also evident
in the near absence of spin on the adsorbate atoms (0.00 for all
three H atoms and 0.05 for C).
Particularly interesting is the eclipsed orientation of the C-H
bonds at the surface. They overlap the Ni atoms (H-Ni distance
of RH-Ni ) 2.09 Å) indicating an agostic interaction in which
the polarized C-H bond (charges of -0.56 for C and 0.20 for
each H) is partially stabilized by the surface Ni atoms (which
have no net charge). The staggered configuration is 7.8 kcal/
mol higher in energy, indicating that each agostic interaction is
worth 2.6 kcal/mol.
An alternative interpretation is that there are repulsive Pauli
repulsions between the C-H bonds and the metal band orbitals
that are stronger in the staggered configuration. In the staggered
configuration the H-Ni distances (RH-Ni ) 2.49, 2.51, and 2.55
Å) increase by ∼0.40 Å (with six long Ni-H bonds instead of
three short ones) as the C moves slightly out of the center of
the fcc site toward one of the Ni atoms. The C-H distances
decrease to 1.10 Å, a typical C-H single bond length, indicating
normal C-H bonds.
3.2.2.2. CH3 at µ3 hcp Site. Binding at an hcp site is similar,
except that methyl sits 0.01 Å farther away from the surface,
leading to an adiabatic bond energy of Ebond ) 42.3 kcal/mol,
which is 0.4 kcal/mol weaker than binding at an fcc site. The
preference for the fcc site can be understood in terms of the
interstitial electron model,39 in which the s (or possibly d)
electrons in nickel (d9s1) form interstitial bonding orbitals,
whichsalong with localized bonds involving the d orbitalssare
responsible for bonding between metal atoms and anything
bonded to the metal. Because Ni prefers an fcc structure over
an hcp structure, we expect that a better bond can be formed
with an interstitial orbital at an fcc site than at an hcp site.
Because the C sp3 orbital binding to a Ni µ3 site points toward
the interstitial orbital in the µ3 site rather than toward the d
orbitals on particular Ni atoms, we expect it to bind with an
interstitial orbital and hence prefer the fcc site.
3.2.2.3. CH3 at µ2 Bridge Site. The lowest energy pathway
for CH3 migration between adjacent µ3 sites leads to a TS at
the µ2 bridge site. Our NEB calculation of this TS for CH3 gives
a bond energy at a bridge site of Ebond ) 39.3 kcal/mol, leading
to a surface migration barrier of 3.4 kcal/mol (neglecting zpe
and finite temperature corrections). The snap bond energy is
Esnap ) 50.5 kcal/mol, indicating a total strain of 11.2 kcal/
mol. Most of this strain (10.0 kcal/mol) is the result of
rehybridizing CH3 to give an approximately tetrahedral geom-
etry, as in the cases of CH3 binding at µ3 sites.
Over the course of the migration one of the H atoms remains
anchored above one of the Ni atoms bounding the intermediate
bridge site, (with RC-Ni changing from 2.09 to 2.07 to 2.10 Å),
so that the net motion of the CH3 is a cartwheel in which one
H remains over one Ni as the other two rotate over the bridge
site. The C sp3 orbital bonds to a Ni dz2 orbital at the µ2 saddle
point with a Ni-C bond distance of 2.07 Å. This covalent bond
is reflected in the reduction of the spin of the dz2 orbital on the
relevant Ni. The Ni-C-H bond angles at the saddle point are
100°, 101°, and 134° which average to the value of 112°, the
value for the µ3 sites. The methyl H-C-H angles are 106°,
106°, and 110° which average to the value of 107°, the same
value as for binding at µ3 sites. These angles indicate that the
sp3 hybridization of C is maintained over the course of the
migration.
3.2.2.4. CH3 at µ1 On-Top Site. Methyl is stable binding at
the µ1 on-top site but the bond energy (Ebond ) 37.2 kcal/mol)
is 5.5 kcal/mol weaker than for the µ3 fcc site. The C-Ni bond
distance (RCNi ) 1.97 Å) is close to the normal value for a C-Ni
covalent bond (the C-Ni bond distance in NiCH3 is 1.88 Å).
At the µ1 site, the CH3 prefers the staggered configuration with
respect to the nearest Ni atoms. The H-Ni distances range from
2.94 to 3.08 Å, which we consider as too long for an agostic
interaction. In this case the staggered geometry is expected
because it leads to weaker Pauli repulsions between the C-H
and surface bonds.
The snap bond energy is 45.7 kcal/mol, with 6.9 kcal/mol
coming from strain in CH3 and 1.5 kcal/mol from strain in the
Figure 4. Adiabatic bond energies and geometries for CH3 binding to (a) µ3 fcc site, (b) µ3 hcp site, (c) µ2 bridge site, and (d) µ1 on-top site on
Ni(111).
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Ni slab. The C-H bond distances are all RC-H ) 1.10 Å and
the H-C-H angles are all 110°, indicating sp3 hybridization
and normal C-H bonds. The adsorbate is highly polarized with
a negative charge of -0.51 on C and positive charges of +0.17
on each H. There is only a small negative charge (-0.10) on
the Ni atom bonded to C, but the spin density on that Ni atom
is reduced by 0.30 to 0.46 leaving the C with almost no net
spin density, 0.02. We calculate an optimal spin of 11.80 for
the slab, which is 0.58 less than the bare slab. The dz2 orbital
on the Ni bonded to CH3 is associated with the reduction in
spin, suggesting that it is the orbital primarily involved in
forming the σ covalent bond to CH3.
3.2.2.5. CH3 Summary. In binding to all four simple sites on
Ni(111), CH3 is sp3 hybridized with bonding that can be
explained in terms of the C sp3 dangling bond orbital forming
a bond to either the dz2 orbital of a particular Ni atom or with
the interstitial orbital at a µ3 site. Agostic interactions between
H and Ni are also important in stabilizing CH3 binding at µ2
and µ3 sites. Thus, the CH3 binding energy to a µ3 fcc site on
Ni(111) of 42.7 kcal/mol includes a Ni-C bond worth 35.1
kcal/mol, and 7.6 kcal/mol of additional stabilization from
agostic Ni-H interactions. Because binding at the on-top site
does not involve agostic interactions, the binding energy is only
37.2 kcal/mol. A µ2 bridge site is intermediate between these
since it is stabilized by a single agostic interaction.
An alternative explanation of the eclipsed structure for CH3
at the µ3 site is that binding in the µ3 site leads to strong Pauli
repulsions due to interactions with the surface. This explanation
would imply that substituting C-H bonds with C-CH3 bonds
would dramatically increase this repulsion, leading to stabiliza-
tion at the µ1 site. Indeed, we find that CH2CH3, CH(CH3)2,
and C(CH3)3 all prefer the µ1 site by increasing amounts, (0.3
kcal/mol for CH2CH3, 8.4 kcal/mol for CH(CH3)2, and 10.3 kcal/
mol for C(CH3)3.
3.2.3. CH on Ni(111) (Figure 5). Methylidyne (CH) binding
to Ni(111) is stable only for binding at 3-fold µ3 sites, with the
hcp site more stable than the fcc site. The µ2 site is a saddle
point on the lowest energy pathway between adjacent µ3 sites.
3.2.3.1. CH at µ3 hcp Site. The hcp site is preferred by 0.9
kcal/mol over an fcc site, with a binding energy of Ebond ) 148.9
kcal/mol.
There is some question regarding the selection of the reference
state of CH in computing the snap bond energy. The ground
state of CH is the 2Π but this has one unpaired spin. The 4Σ-
excited state of CH is calculated to be 6.3 kcal/mol higher in
energy but has three unpaired spins available for bonding. The
decrease of the optimum spin polarization of the slab from 12.38
to 10.06 upon binding the CH suggests that 4Σ- is the
appropriate reference state. This reference state leads to a snap
bond energy of Esnap ) 157.2 kcal/mol, 8.3 kcal/mol stronger
than the adiabatic bond energy. Of this energy difference, 1.4
kcal/mol is from Ni slab strain and 6.9 kcal/mol is promotion
of the C orbitals to the quartet state, which corresponds with
the C-H bond length decreasing from RC-H,gas ) 1.14 Å to
RC-H,ad ) 1.10 Å.
The symmetry of the Ni-C bond distances (all 1.85 Å) and
Ni-C-H angles (all 126°) is consistent with either of two
bonding configurations. One model is in terms of a C sp
hybridized orbital forming a σ bond to an interstitial orbital and
the remaining p orbitals forming two π bonds to dz2 orbitals on
surrounding Ni atoms. In this case, resonance in the π system
would result in equivalent bonds to all three Ni atoms to give
the observed symmetry. The other possibility is that C is sp3
hybridized and forms three equivalent σ bonds to the three Ni
atoms surrounding the µ3 site. The absence of spin on the
adsorbate and the decrease in spin on each of the three Ni atoms
surrounding the site from 0.74 to 0.21 is consistent with either
scenario, as is the reduction in spin of the Ni atoms being
primarily associated with their dz2 orbitals.
3.2.3.2. CH at µ3 fcc Site. Binding to an fcc site shows similar
trends with a binding energy of Ebond ) 148.0 kcal/mol, and
symmetric C-Ni bond distances of RC-Ni ) 1.86, Ni-C-H
angles of 126°, and Ni-C-Ni angles of 85°. The slightly longer
C-Ni bond distances correspond with the small, 0.9 kcal/mol,
decrease in binding energy. Because of the important role that
Ni d orbitals play in the bonding, we can rationalize this slight
preference for binding to an hcp site over an fcc site by assuming
that the bonding takes place via three σ bonds to the three Ni
atoms around the µ3 site. The idea is that for the hcp geometry
the three C-Ni σ bonds make C-Ni-Nihcp angles of 93° to
the Ni-Ni bonds between the first (top) and second (hcp) layers
of Ni atoms in the slab. Similar angles in the fcc geometry are
163°. Thus, the d orbitals of a Ni atom on the surface would be
more easily directed toward the sp3 orbitals of CH at a µ3 hcp
site, than those of a CH at a µ3 fcc site, because d orbital lobes
prefer 90° orientations with each other. This preference for µ3
hcp sites provides a contrast with the case of CH3 which binds
to an interstitial orbital at a µ3 site and thus prefers µ3 fcc sites
over µ3 hcp sites.
3.2.3.3. CH at µ2 Bridge Site. The lowest energy pathway
between µ3 sites crosses a bridge site where CH binds to the
Figure 5. Adiabatic bond energies and geometries for CH binding to (a) µ3 fcc site, (b) µ3 hcp site, (c) µ2 bridge site, and (d) µ1 on-top site on
Ni(111).
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surface with a binding energy of Ebond ) 139.4 kcal/mol, leading
to a barrier of 9.5 kcal/mol.
The energy for exciting CH to the quartet state and constrain-
ing the C-H bond distance to RC-H,ad ) 1.10 Å in CH as it
binds to the surface is 6.9 kcal/mol, and the strain on the Ni
slab is worth 3.7 kcal/mol giving a snap bond energy of Esnap
) 150.0 kcal/mol. The C-Ni bond distances with the Ni atoms
bounding the µ2 site are RC-Ni ) 1.80 Å, indicating strong C-Ni
bonds.
The covalent nature of the bonding is evident in the absence
of spin on the adsorbate and the reduction of the optimal spin
of the slab from 12.38 to 10.42. This reduction of spin is
primarily reflected in loss of spin from the s and d orbitals of
the two Ni atoms forming bonds with C. While all of the d
orbitals are affected, the dz2 orbitals show the largest reduction
in spin (0.20 each).
The symmetric nature of the transition state (equal C-Ni
bond distances, RC-Ni ) 1.80 Å; H-C-Ni angles, 132°) could
be consistent with either sp or sp2 hybridization. The sp case
seems less likely because it would involve a σ bond with a
bridge site, i.e., the space between surface Ni atoms. The sp2
case would lead to two σ bonds to Ni atoms leaving a π bond
with the two interstitial sites adjacent to the bridge site. This
orbital configuration is consistent with sp3 hybridization at µ3
sites, so that migration between adjacent sites simply converts
the sp3 orbital bond to the Ni-C bond being broken into a p
orbital parallel to the surface at the TS and an sp3 orbital bonding
to the new Ni-C σ bond at the new µ3 site.
3.2.3.4. CH at µ1 On-Top Site. Constraining CH to an on-
top site leads to an adiabatic bond energy of Ebond ) 99.5 kcal/
mol. The short C-Ni distance, RC-Ni ) 1.66 Å, indicates a
strong bond. The snap bond energy is Esnap ) 108.4 kcal/mol,
since exciting CH to the quartet state and compressing the C-H
bond distance from RC-H,gas ) 1.14 Å to RC-H,ad ) 1.09 Å costs
6.9 kcal/mol, and the strain on the Ni slab is worth 2.0 kcal/
mol.
The geometry requires sp hybridization in order for C to form
a σ bond to the surface Ni atom and an sp σ bond to H. This
orbital configuration leaves two p orbitals parallel to the surface
for π bonding. The bonding leaves 0.20 spins on C, suggesting
that the π bonding is incomplete. The optimal spin for the slab
of 10.92 is higher than in the case of “complete” bonding to
higher coordination sites (10.24 and 10.06 for µ3 sites). The
reduction in the spin of the slab that we see is particularly
associated with the Ni atom bonding to C, which has a total
spin of 0.22. The dz2 orbital makes the largest contribution to
bonding (0.17), followed by dxz and dyz. Unlike most of the other
cases of Ni bonding to C, there is a negative charge of -0.14
associated with this Ni atom.
3.2.3.5. CH Summary. In the case of CH3, C was sp3
hybridization for binding at any of the four high-symmetry sites.
This consistency in hybridization is the case because there is
only one unpaired electron on CH3 which allows for only a
single bond to be formed to the Ni(111) surface. By contrast,
the three unpaired electrons in CH can form up to three bonds
with the Ni(111) surface leaving C free to adopt sp, sp2, or sp3
hybridization. The geometry at an on-top site is consistent with
sp hybridization because there is only one Ni with which to
form a σ bond. Similarly, because there are two Ni atoms
available for σ bonding at a µ2 site, sp2 hybridization is most
plausible. The availability of interstitial electron density at a µ3
site allows the CH to form either one σ bond and two π bonds
(sp hybridization) or three equivalent σ bonds (sp3 hybridiza-
tion). Either is consistent with our results.
Simplistically we could consider the Ni-C bonding as three
bonds worth ∼50 kcal/mol each for µ3 sites, two bonds worth
∼70 kcal/mol each for a µ2 bridge site, and one bond worth
∼100 kcal/mol for a µ1 site site. We might further partition the
bond energy in the latter two cases into ∼50 kcal/mol for a σ
bond, ∼40 kcal/mol for a π bond perpendicular to a bridging
site, and ∼25 kcal/mol for each π bond above an on-top site.
Assuming sp3 hybridization at µ3 sites is then compatible with
considering the bonding in terms of three σ bonds each worth
∼50 kcal/mol. Alternatively, assuming sp hybridization at a µ3
sites leads to two π bonds each worth ∼50 kcal/mol.
3.2.4. C on Ni(111) (Figure 6). Like CH, C is stable binding
at µ3 sites, but not µ2 or µ1 sites. The µ2 site is lower in energy
than the µ1 site, and is a saddle point between adjacent µ3 sites.
3.2.4.1. C at µ3 hcp Site. Binding to a µ3 hcp site is most
favorable, with a binding energy of Ebond ) 154.8 kcal/mol and
C-Ni bond distances of RC-Ni ) 1.78 Å. In computing the snap
bond energy we take the reference state for C as the ground
state, the 3P state. There is an the excited 5S state, 82.6 kcal/
mol higher in energy that could make up to four covalent bonds,
but the strength of Ni-C single bonds is not sufficient for such
a promotion. We calculate a snap bond energy of Esnap ) 156.4
kcal/mol, indicating a Ni surface strain of 1.6 kcal/mol.
The absence of a net spin on C is consistent with a model in
which there is a doubly occupied 2s lone pair with the two
unpaired spins in px and py orbitals parallel to the surface
forming two π bond with the surface.
The covalent bonds with the slab reduce the slab’s optimal
spin from 12.38 to 9.87 in binding C, suggesting the formation
of at least 2.5 bonds to the surface. This reduction in spin
Figure 6. Adiabatic bond energies and geometries for C binding to (a) µ3 fcc site, (b) µ3 hcp site, (c) µ2 bridge site, and (d) µ1 on-top site on
Ni(111).
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primarily affects the three Ni atoms surrounding the µ3 site,
which are reduced by 0.61 each. All of their d orbitals are
affected, but the dz2 orbitals have the largest decrease in spin
(0.20 each). This decrease in spin of greater than 2.00 suggests
some back bonding from the surface into the empty pz orbital
(i.e., some promotion toward the 5S state). However, the nearly
neutral charge of C, -0.03, indicates very little net electron
charge transfer.
3.2.4.2. C at µ3 fcc Site. Binding to an fcc site is 1.6 kcal/
mol less stable than to an hcp site with a binding energy of
Ebond ) 154.8 kcal/mol, but with the same C-Ni bond distances,
RC-Ni ) 1.78 Å, and similar Ni-C-Ni angles of 91°. As in
the case of CH, the preference for binding to an hcp site over
an fcc might involve the preference for C-Ni-Nihcp bond angles
of 89° (which is the case for hcp sites) compared with the
analogous angles of 158° in the case of binding to an fcc site.
3.2.4.3. C at µ2 Bridge Site. The lowest energy pathway for
C to migrate between µ3 sites is to cross a bridge site. The
binding energy to this site is Ebond ) 143.1 kcal/mol, leading to
a surface migration barrier of 11.7 kcal/mol. The snap bond
energy is Esnap ) 147.6 kcal/mol, indicating a strain on the Ni
slab worth 4.5 kcal/mol in this TS. The C-Ni bond distances
are all RC-Ni ) 1.72 Å, and the Ni-C-Ni angles are all 103°.
As in the case of binding at a µ3 site, there is no spin left on
C after bonding, suggesting two bonds to the surface with a
lone pair of electrons pointing away from the surface. The
geometry of the site suggests sp2 hybridization with the
nonbonding electron pair pointing away from the surface while
one of the remaining sp2 orbitals bond with a surface Ni atom.
However, the optimal spin of the slab, 10.04, suggests a covalent
bond order greater than 2. Again, the additional bonding could
be due to back bonding into the empty p orbital parallel to the
surface; however, the negative charge on C of -0.10 is not
consistent with this interpretation.
3.2.4.4. C at µ1 On-Top Site. Constraining C to be at a µ1
on-top site leads to a bond energy of Ebond ) 103.6 kcal/mol
and a C-Ni distance of RC-Ni ) 1.64 Å. We expect C to be sp
hybridized so that its electron pair points away from the surface.
The remaining two valence electrons then form two π bonds to
the surface. This electronic configuration is consistent with the
absence of spin on C. The reduction of the optimal spin of the
slab by 1.42 supports a covalent bond order of two or less.
The d orbitals on the Ni binding to C, and especially the dz2, dxz
and dyz orbitals are involved in this reduction in spin.
3.2.4.5. C Summary. The bond energies for C and CH to the
surface are similar with all bonds being ∼5 kcal/mol stronger
for C than CH. About half of this difference is explained by
∼3 kcal/mol worth of strain in the C-H bond distance for the
CH case. The remainder of this difference, ∼2 kcal/mol, is
apparently due to stronger bonding of C to the surface. This
difference in bonding is reflected in the shorter Ni-C bond
distances for C versus CH respectively at the µ1 sites (1.64 and
1.66 Å reflecting an energy difference of 0.3 kcal/mol), at µ2
sites (1.72 and 1.80 Å reflecting an energy difference of 0.8
kcal/mol each) and at µ3 sites (1.78 and 1.85 Å reflecting an
energy difference of 1.0 kcal/mol each). Similar trends in the
optimal spins of the slab are consistent with these trends.
Starting with CH bonded to the surface and removing H
would lead to an unpaired electron on C in an orbital pointing
away from the surface. Thus, we might expect C to exhibit
similar bonding to CH. The only difference would be an
unpaired electron pointing away from the surface instead of H.
The similar bond energies and bond distances for C and CH at
the various sites supports this description. Alternatively, an
electron pair on C pointing away from the surface might result
in no net spin on C, while weakening the bonding to the surface
by one bond order. In this case we might expect the bonding to
bear some resemblance to CH2 binding to the surface. However,
the absence of unpaired spin density on atomic C bonded to
the surface, as well as the larger reduction of net spin on the
slab for binding to C than for binding to CH, indicates that a
third option must be available. Apparently the unpaired electron
in the C is able to pair with unpaired spin in the slab, reducing
the net spin of the system.
3.2.5. CH2 on Ni(111) (Figure 7). Methylene (CH2) is stable
binding at both µ3 and µ2 sites. A µ3 fcc site is the most favorable
binding location with a µ2 site serving as the TS along the lowest
energy pathway between adjacent µ3 sites.
3.2.5.1. CH2 at µ3 fcc Site. Binding at a µ3 fcc site is most
favorable with an adiabatic bond energy of Ebond ) 89.3 kcal/
mol. Binding to the fcc site leads the C to rehybridize from sp2
in the gas phase (RC-H,gas ) 1.08 Å and H-C-H ) 134°) to
sp3 (RC-H ) 1.10 and 1.14 Å with H-C-H ) 104°) at an
energetic cost of 9.9 kcal/mol. The snap bond energy of Esnap
) 100.0 kcal/mol indicates a strain on the Ni slab worth 2.3
kcal/mol.
With two H atoms bonding to two sp3 orbitals, there remain
two singly occupied orbitals to bind to the surface. At a µ3 fcc
Figure 7. Adiabatic bond energies and geometries for CH2 binding to (a) µ3 fcc site, (b) µ3 hcp site, (c) µ2 bridge site, and (d) µ1 on-top site on
Ni(111).
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site the electrons in these orbitals form σ bonds (RC-Ni ) 1.94
Å) with two of the three Ni atoms at the corners of the µ3 site
(the third Ni-C distance is RC-Ni ) 2.02 Å). One of the H
atoms sits above the third Ni atom of the µ3 site resulting in a
favorable agostic interaction, while the other H points away from
the surface (at an angle of 43° with respect to a vector normal
to the surface).
The optimal spin of the Ni surface is reduced by 1.50 to 10.88,
consistent with forming two bonds to CH2. The two Ni atoms
closest to C have their spins reduced by 0.35 (mostly in their
dz2, dxz, and dyz orbitals), evidencing their role in the covalent
bonding.
The H coordinating with the third Ni atom around the µ3 site
has a positive charge, 0.20, resulting in a favorable agostic
interaction with the Ni atom. This agostic interaction is
evidenced in the Ni-H distance of RH-Ni ) 1.85 Å and the
increased C-H bond length of RC-H ) 1.14 Å. The H-Ni
distance suggests an agostic interaction significantly stronger
than for CH3 (where RH-Ni ) 2.09 Å with an interaction energy
of 2.6 kcal/mol), but still much longer than a normal H-Ni
bond, which has a bond length of RH-Ni ) 1.48 Å. Unlike the
other Ni atoms in the surface, the Ni atom involved in the agostic
interaction has a small negative charge, -0.06, which is
consistent with the agostic interaction.
3.2.5.2. CH2 at µ3 hcp Site. Binding at an hcp site is similar,
except that the interaction is 0.7 kcal/mol weaker with a bond
energy of Ebond ) 88.6 kcal/mol and a snap bond of Esnap )
99.4 kcal/mol. The bond distances and angles are almost exactly
the same. Because C forms σ bonds to individual Ni atoms,
rather than interstitial orbitals, we might expect a slight
preference for the hcp site as is the case for CH and C. The
C-Ni-Nihcp angles (∼110° and ∼167° for the fcc site, and
∼95° and ∼140° for the hcp site) are consistent with this
reasoning, although they predict a weaker preference than for
the other cases.
The key difference between CH2 and either C or CH binding
to µ3 sites is the agostic interaction in the case of CH2. This
interaction can be viewed as an electrostatic interaction between
Ni and H or as a three-body bond involving C, H, and Ni, in
which interstitial electron density might make an important
contribution. This possible role of interstitial electron density
could explain the preference here for fcc over hcp sites.
3.2.5.3. CH2 at µ2 Bridge Site. Methylene also forms a stable
bond to a bridge site with a bond energy of Ebond ) 83.9 kcal/
mol. Because the H-C-H angle (109°) is not strained as much
as for fcc or hcp sites (104°) the energy cost to promote the C
atom in CH2 from sp2 (134°) to sp3 (109°) is only 6.5 kcal/mol
resulting in a snap bond energy of Esnap ) 91.3 kcal/mol.
As in the case of binding at µ3 sites the two singly occupied
sp3 orbitals form σ bonds with the two Ni atoms bounding the
bridge site. As in previous cases the covalent nature of the
bonding is evident in spin reduction on C (2.00 to 0.06) and
the dz2, dxz, and dyz orbitals on the Ni atoms in the bonds
(0.74-0.44). An optimal spin of 11.04 for the slab results, which
means there is a reduction of 1.34 due to binding CH2.
Here the H atoms are too far away from Ni atoms for
appreciable agostic interactions (RHNi ) 2.55, 2.50 Å). The
absence of stabilizing agostic interactions explains why the
bonding is weaker than at µ3 sites.
3.2.5.4. CH2 at µ1 On-Top Site. Constraining CH2 to bind at
an on-top site leads to an H-C-H angle of 113° (compared
with 134° in the gas phase), which has an energy cost of 4.5
kcal/mol. The sp2 lobe not bonded to one of the H atoms forms
a σ bond to the Ni atom at the on-top site, while the p orbital
parallel to the surface forms a weak π bond with the surface.
This geometry gives a binding energy of Ebond ) 66.0 kcal/
mol, and a C-Ni bond length of RC-Ni ) 1.78 Å. The snap
bond energy of Esnap ) 71.1 kcal/mol indicates a strain on the
Ni slab worth 0.6 kcal/mol.
The covalent nature of the bonding is evident in the reduction
of spin on C to 0.26 from 2.00 in the gas phase and in the
reduction of the optimal slab spin from 12.38 to 11.62. Again,
this reduction of spin involves primarily the dz2, dxz, and dyz
orbitals on the Ni atom.
The bond distance and energy for CH2 to a µ1 site (Ebond ≈
70 kcal/mol and RC-Ni ≈ 1.80 Å) can be compared to CH at
the same site (Ebond ≈ 100 kcal/mol and RC-Ni ≈ 1.65 Å),
indicating that the second π bond is worth ∼30 kcal/mol, and
decreases the C-Ni bond distance by 0.15 Å.
3.2.5.5. CH2 Summary. Methylene uses sp3 orbitals to form
two σ bonds with Ni d orbitals at both µ2 and µ3 sites. The
superior binding at the fcc site results from favorable Ni-H
agostic interactions. At a µ1 site an sp2 orbital forms a σ bond
with the dz2 orbital of an underlying Ni atom while the leftover
p orbital participates in a π bond with dxz and dyz orbitals on
the same Ni.
3.2.6. Summary and General Discussion of CHx Binding
on Ni(111). The key features of the binding of CHx species at
the four high symmetry sites on Ni(111) can be explained with
two assumptions about the orbital properties of Ni.
First, each Ni atom prefers to form only a single σ bond with
an adsorbed molecule. This preference comes about because
the 3d orbitals on Ni, important in σ bonds with individual Ni
atoms, are highly localized compared to the 4s orbital. As a
result, they form good σ bonds with orbitals pointed directly
toward them but do not overlap well with the more diffuse
orbitals involved in forming π bonds. For CHx species the result
is that π bonds centered over particular Ni atoms are weak and
result in energetically unfavorable structures. Thus, binding at
on-top sites is only stable for species that want to form a single
bond to the surface, i.e., CH3, and binding at bridge sites is
only stable for species that form exactly two bonds to the
surface, i.e., CH2.
Second, the electrons from the Ni 4s (or possibly 3d) orbitals
combine to form interstitial orbitals, located in tetrahedral
interstitial sites in the bulk and at µ3 sites on the surface. These
interstitial orbitals have a slight preference for fcc sites over
hcp sites. Interstitial orbitals allow for more diffuse bonding at
µ3 sites than d orbitals allow at µ1 sites, resulting in stronger
bonds at µ3 sites for cases in which the orbital configuration of
the adsorbate is unable to match the geometrical constraints of
on-top site binding. This preference is evident in the case of H
binding at µ1 and µ3 sites. At a µ1 site the weaker overlap of
the H 1s orbital with the Ni atomic orbitals leads to a bond
which is 13.0 kcal/mol weaker than for the bond to an interstitial
orbital at a µ3 site. These interstitial orbitals are also capable of
forming strong π bonds with p orbitals parallel to them, as is
evident from the strong binding of C and CH at µ2 sites.
Finally, by considering the number of each type of bond that
each species forms to the surface, we can explain the ap-
proximate binding energies of C and the various CHx species
at all four sites. We assume that a σ bond to either a surface
atom or an interstitial site is worth ∼50 kcal/mol, a π bond
across a bridge site is worth ∼40 kcal/mol, and π bond to a Ni
atom is worth ∼25 kcal/mol. These assumptions then predict
that C and CH should have the same binding trends: ∼150 kcal/
mol from three σ bonds at µ3 sites, ∼140 kcal/mol from two σ
bond and one strong π bond at µ2 sites, and ∼100 kcal/mol
Properties of CHx Bound to the Nickel (111) Surface J. Phys. Chem. C, Vol. 113, No. 47, 2009 20299
from one σ bond and two weak π bonds at µ1 sites. For CH2
they lead to ∼100 kcal/mol from two σ bonds at both µ3 and
µ2 sites and ∼75 kcal/mol from one σ bond and one weak π
bond at µ1 sites. Finally, they lead to CH3 bonds to all sites of
∼50 kcal/mol from one σ bond. Thus, we can explain the snap
bond energies within 6 kcal/mol for all but one case, CH2
binding at a µ2 site. Other factors covered in the detailed
discussion above, such as agostic interactions and steric effects,
are required to explain the binding energies in greater detail.
Nevertheless, this simple model with three types of bonds being
the only factors considered provide a rationalization of the basic
trends.
3.2.6.1. Discussion of Surface Diffusion Barriers. In all cases
µ3 sites are the preferred binding sites and the lowest energy
pathway between µ3 sites has a TS at a µ2 site. Ignoring zpe
and finite temperature effects the diffusion barriers are 11.7 kcal/
mol for C, 9.5 kcal/mol for CH, 5.4 kcal/mol for CH2, 3.4 kcal/
mol for CH3, and 3.1 kcal/mol for H. The obvious trend is that
species bonding more strongly to the surface have larger
diffusional barrier energies.
In all cases the binding to on-top sites is much weaker,
making them unlikely to play a significant role in migration
under low coverage conditions.
3.3. Reactions and Transition States (Table 2). 3.3.1. CH3
f CH2 + H on Ni(111) (Figure 8). The TS for dissociating
CH3,ad on Ni(111) to form CH2,ad + Had has an energy of Ebarrier
) 18.4 kcal/mol above the ground state of the reactant. This
barrier leads to a product state lying 8.2 kcal/mol in energy
above the reactant with CH2,ad bonded at an fcc site and Had at
the nearby hcp site sharing a single common Ni surface atom.
Allowing the products to further separate and move to their
individually preferred binding sites, lowers the energy of the
final product so that the reaction is endothermic by only Ereaction
) 1.3 kcal/mol.
At the TS the leaving H atom sits near an on-top site, forming
a bond with the Ni atom below. The H-Ni bond distance is
Figure 8. Energies and geometries of (a) reactant, (b) transition state, and (c) product along the NEB pathway and (d) the final, separated products
in the dissociation of CH3,ad to form CH2,ad and Had on Ni(111).
TABLE 2: Summary of Dehydration Reaction Energetics on Ni(111) for Each Reaction the Reactant Is Listed Followed by the
Transition State (TS), the Products Complexed on the Surface within the 2 × 2 Unit Cell, and the Products Completely
Separated on the Surfacea
adsorbed species binding site(s) calcd spin opt. spin Ebond ∆Ereaction ∆Eatom ∆Eform ∆Eform [CH4]
CH3 fcc 12/2 11.54 42.7 0.0 -354.7 -18.4 0.1
CH2 · · ·H fcc, top (TS) 12/2 11.02 24.4 18.4 -336.3 0.0 18.5
CH2 + H fcc, hcp 12/2 10.41 34.5 8.2 -346.4 -10.2 8.3
CH2, H fcc, fcc NA NA 41.4 1.3 -353.3 -17.0 1.4
CH2 fcc 11/2 10.88 89.3 0.0 -287.6 -3.6 1.5
CH · · ·H fcc, top (TS) 11/2 10.23 81.0 8.3 -279.4 4.7 9.7
CH + H fcc, hcp 11/2 9.75 95.8 -6.5 -294.1 -10.1 -5.0
CH, H hcp, fcc NA NA 99.5 -10.2 -297.8 -13.7 -8.7
CH hcp 10/2 10.06 148.9 0.0 -232.1 -0.3 -8.7
C · · ·H hcp, bridge (TS) 10/2 9.65 116.2 32.8 -199.4 32.5 24.1
C + H hcp, hcp 10/2 9.35 129.6 19.3 -212.8 19.0 10.6
C, H hcp, fcc NA NA 137.2 11.6 -220.4 11.4 2.9
a Calcd spin corresponds to the half-integer spin state with the lowest energy for the reactant, which is the spin used in the optimum
geometry and energy calculations of all NEB images presented here. Opt. spin is the optimum state spin predicted by a parabolic fit of the
energies of the lowest three half-integer spin calculations. Ebond is the adiabatic bond energy (difference between the geometry relaxed energy
of the complex and the sum of the geometry relaxed energies of the slab and the adsorbent(s) infinitely separated from each other). ∆Ereaction is
the energy relative to the reactants. ∆Eatom is the atomization energy not including the energy for forming the Ni(111) slab. ∆Eform is the energy
of formation with respect to standard states: H2 gas, graphite (adjusted to our computational reference of diamond corrected using the 0.45
kcal/mol experimental value of diamond relative to graphite) and the bare Ni(111) slab. ∆Eform [CH4] is the energy of formation relative to CH4
gas, H bonded to the Ni(111) surface at an fcc site and the bare Ni(111) slab. All energies are in kcal/mol.
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RH-Ni ) 1.50 Å, which is similar to the bond distance of RH-Ni
) 1.48 Å for H binding at an on-top site. There is also a positive
charge of 0.13 on H and a negative charge of -0.20 on Ni,
suggesting a favorable electrostatic interaction.
The C-H bond being broken is stretched to RC-H ) 1.80 Å
at the TS, well beyond the range of a typical C-H single bond
distances (1.10 Å), suggesting that the C-H bond is already
broken at the TS. Thus, as the C-H bond breaks, the leaving
H atom forms a bond with a Ni atom at one of the corners of
the µ3 fcc site, and then moves to a neighboring µ3 site. The
new H-Ni bond stabilizes the dehydrogenation pathway,
showing exactly how this process is catalyzed on Ni(111).
In the reactant C is sp3 hybridized, binding to three H atoms,
with the fourth orbital forming a bond to the Ni interstitial orbital
directly below the µ3 site. In the product, CH2, C is also sp3
hybridized, with two orbitals forming bonds to the two H atoms
and the other two bonding with d orbitals on two of the Ni
atoms at the corners of the µ3 site.
The H-C-H angle involving the two H atoms maintaining
their bonds to C remains constant over the course of the reaction
(107° in the reactant, 106° in the TS, and 105° in the product),
indicating sp3 hybridization throughout the whole reaction. Thus,
the reaction pathway requires one sp3 orbital to exchange its
bond to the leaving H atom for a bond to a Ni atom.
Simultaneously, the sp3 orbital binding to the interstitial site in
the reactant transfers its bond to a particular Ni. The other two
sp3 orbitals maintain their bonds with the H atoms not
dissociating from C.
One of the remaining H atoms maintains its agostic interaction
with Ni at the transition state. This interaction is evident in the
H-Ni distance (RH-Ni ) 2.09 Å in the reactant, 2.10 Å at the
transition state, and 1.94 Å in the product). The other H loses
its agostic interaction as the H-Ni distance increases steadily
from 2.09 to 2.54 Å over the course of the reaction. The distance
of RH-Ni ) 2.32 Å at the TS indicates that the agostic interaction
that has already decreased significantly.
We calculate that the optimal spin of the slab decreases over
the course of the reaction from 11.54 for the initial product to
10.41 for the final product. This decrease in spin is due to
forming new H-Ni and C-Ni covalent bonds. The optimal spin
for the slab at the TS lies part way between these at 11.02,
suggesting partial formation of these new bonds.
The d orbitals on the Ni atom inserting into the C-H bond
are involved in bonding both C and H at the TS, leading to a
large spin reduction of 0.35 on the inserting Ni atom. The dxz
and dyz orbitals play the largest role among the Ni orbitals in
bonding, followed by dz2. This participation is reasonable since
H is beyond the on-top site at the TS (and thus more in line
with the dxz and dyz orbitals than the dz2 orbital), while the CH2
seeks additional bonding from these same orbitals during the
reaction.
The Ni atoms at the other corners of the µ3 site remain
involved in bonding with C, as reflected in spin reductions
associated with their dxz and dyz orbitals.
3.3.2. CH2f CH + H on Ni(111) (Figures 9 and 10). The
next step in the decomposition of CH3,ad is CH2,ad f CHad +
Had. The lowest energy pathway for this process has a reaction
barrier of Ebarrier ) 8.2 kcal/mol relative to the ground state of
CH2,ad. This process leads directly to CHad at an fcc site and
Had at the hcp site sharing a single common surface Ni atom.
The coadsorbed products (on a 2 × 2 periodically infinite slab)
are 6.5 kcal/mol lower in energy than the reactant, while the
final products (allowed to dissociate further) are an additional
3.7 kcal/mol lower in energy, giving an overall reaction energy
of Ereaction ) -10.2 kcal/mol.
Once again the TS has the leaving H near an on-top site with
a Ni-H bond distance of RH-Ni ) 1.49 Å. The C-H distance
at the TS is RC-H ) 1.69 Å and indicates a broken C-H bond.
As before, Ni(111) stabilizes this dehydrogenation step by
providing a Ni atom to bond the H as the C-H bond breaks
Over the course of this reaction we find that the optimal spin
of the slab reduces from 10.88 to 9.75, with 10.23 at the TS.
This reduction of spin over the course of the reaction is
Figure 9. Energies and geometries of (a) reactant, (b) transition state, and (c) product along the NEB pathway and (d) the final, separated products
in the dissociation of CH2,ad to form CHad and Had on Ni(111).
Figure 10. NEB pathway for dissociation of CH2,ad to form CHad and
Had on Ni(111).
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consistent with a partially formed H-Ni bond and stronger
C-Ni bonding at the TS. Again, the dxz and dyz orbitals on the
Ni atom being inserted into the C-H bond show the largest
reduction in spin (0.38), reflecting their significance in stabilizing
both C and H as they break their bond.
The reactant has C sp3 hybridization, however the bonding
in the product may be sp3 or sp hybridized. If the product, CH,
has an sp3 hybridized C, then the reaction simply involves
transferring an sp3 orbital from binding with H to forming
another σ bond with d orbitals on the third Ni around the µ3
site. If the product is sp hybridized then the only bond C strictly
retains over the course of the reaction is a σ bond to the
remaining H. The σ bond with the other H is broken in exchange
for a π bond to the Ni surface. The two σ bonds to particular
Ni atoms are transformed into a σ bond with interstitial electron
density in the µ3 site and a second π bond to the Ni surface.
3.3.3. CH f C + H on Ni(111) (Figure 11). The final step
in the dehydrogenation of CH3,ad on Ni(111) converts CHad to
Cad and Had. The lowest energy pathway has a TS which is Ebarrier
) 32.8 kcal/mol higher in energy than the reactant. The
immediate product has Cad and Had bound at adjacent µ3 hcp
sites that share a common Ni surface atom. The products thus
coadsorbed in the same unit cell of a 2 × 2 periodically infinite
slab are 19.3 kcal/mol higher in energy than the reactant. When
the products are allowed to further dissociate and find their
preferred individual binding sites the overall reaction energy
decreases to Ereaction ) 11.6 kcal/mol.
The endothermicity of the reaction is evident in the smaller
decrease in the optimal spin, (from 10.06 to 9.35 for a net
decrease of 0.71) than in the previous reactions (each had a
decrease of 1.13 overall). The smaller amount of spin reduction
associated with this reaction means that there is less covalent
bonding with the Ni surface being exchanged for the C-H bond
being broken than in the dehydrogenation steps already con-
sidered. We find that the optimal spin at the TS is 9.65. The
reduction of spin that we do see results from a weakly forming
H-Ni covalent bond (RH-Ni ) 1.63 Å). The spin on all the d
orbitals on the Ni atom inserting into the bond is strongly
affected, as the total spin on the same Ni atom decreases from
0.76 in a bare slab to 0.13 at this TS.
The shorter C-H distance (RC-H ) 1.55 Å, which is still too
long for a weak single bond) at the TS is not what we might
expect based on the endothermicity of the reaction. The TS of
an endothermic reaction typically resembles the product more
than the reactant, which would suggest a longer C-H distance
in this case. Instead, the shorter C-H distance at the TS indicates
that the Ni atom over which the bond cleavage takes place plays
less of a role in stabilizing the reaction pathway and TS than in
the previous reactions. There are two reasons for this reduced
role. First, C cannot form more bonds to Ni than CH is able to,
so removing the final H does not allow for a significant increase
in C-Ni bonding as was the case in the previous reactions.
Second, the Ni atom inserting into the C-H bond is already
involved in bonding with C, either a σ bond with a C sp3 orbital
or contributions to π bonding and σ bonding with an interstitial
orbital. Already being involved in bonding to C makes the Ni
atom being inserted into the C-H bond less reactive.
3.3.4. Summary and Discussion of Reactions. The adsorbent
species studied here have been observed by chemisorption and
decomposition of CH4 on Ni(111). In addition they serve as
intermediates in the reverse process of methane formation from
CO and H2. Figure 12 summarizes the energetics and barriers
for the various processes of chemisorption of CH4 to form in
sequence CH3,ad, CH2,ad, CHad, and Cad where in each case we
assume that the resulting H atoms are adsorbed (low coverage).
The energies of formation for the relevant species are for
gas phase CH4: -32.0 kcal/mol, for CH3,ad + Had -31.8 kcal/
mol, for CH2,ad + 2Had: -30.5 kcal/mol, for CHad + 3Had: -40.6
kcal/mol, and for Cad + 4Had: -29.0 kcal/mol.
3.3.4.1. Dehydrogenation of CH4. The experimental barrier
for chemisorption of CH4 to form CH3,ad + Had is 17.7 kcal/
Figure 11. Energies and geometries of (a) reactant, (b) transition state, and (c) product along the NEB pathway and (d) the final, separated
products in the dissociation of CHad to form Cad and Had on Ni(111).
Figure 12. Energy pathway for CH4 decomposition on Ni(111).
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mol,2 and we find that the subsequent barrier to form CH2ad +
Had from CH3,ad is 18.4 kcal/mol. The barrier for CH2,adf CHad
+ Had is 8.3 kcal/mol while the barrier for CHad f Cad + Had
is 32.8 kcal/mol. As a result the CH2,ad intermediate is not
observed following the gas phase chemistroption of CH4 on
Ni(111) while CHad is quite prominent.
Figure 12 shows that for low coverage, CHad is the lowest
energy state. Nevertheless, the barrier between CH3,ad and CH2,ad
makes CH3,ad kinetically stable on Ni(111) at low temperatures
following the chemisorption of CH4. Once formed, CH2,ad is
also kinetically stable at low temperatures; however, because
the barrier to convert CH2,ad into CHad lies 8.8 kcal/mol below
the barrier to convert CH3ad into CH2,ad the CH2,ad species may
form with enough excess energy to overcome the reaction barrier
for its subsequent decomposition to form CHad. In any case,
the thermal conditions required to overcome the initial barrier
are more than sufficient for any CH2,ad formed to be almost
immediately converted into CHad.
Further decomposing CHad into Cad and Had has a much higher
barrier of 32.8 kcal/mol, which lies 24.1 kcal/mol above gas
phase CH4. In addition the overall reaction energy is endother-
mic by 11.7 kcal/mol. Thus, this final step requires a significantly
higher temperature to take place than the earlier stages of CH3
decomposition.
3.3.4.2. Hydrogenation of Cad. The first step of the reverse
(hydrogenation) reaction (Cad + Had f CHad) has a barrier of
21.1 kcal/mol, while the subsequent steps have barriers of 18.4
kcal/mol (CHadf CH2,ad), and 17.0 kcal/mol (CH2,adf CH3,ad).
The final barrier for desorption of CH4 is 17.6 kcal/mol
(experimental value for chemisorption2 modified by our reaction
energy). Because the barriers for the sequential hydrogenation
steps are similar (there is a 4.1 kcal/mol range for the four
reactions we consider), we expect that none will be the sole
rate determining step so that all three CHx species will exist as
stable intermediates in the methanation process.
3.3.4.3. Role of Hydrogen. The strong binding of H to
Ni(111) is an important factor in the overall energetics of both
the forward and reverse processes on Ni, so that at low coverage
the changes in energetics balance the changes in C-Ni bond
orders for both hydrogenation and dehydrogenation making both
feasible. Since the energy for chemisorbing unto the Ni(111)
surface is -13.5 kcal/mol per H, Had is the favored state of H
at low temperature.
At higher temperatures Had atoms combine to form H2,gas. The
pressure of H2 gas can then be used to drive methanation forward
or backward, with high pressures favoring hydrogenation and
low pressures dehydrogenation.
4. Comparison with Previous Studies
4.1. Comparison with Experiment. 4.1.1. Binding Ener-
gies with ZPE and Finite Temperature Corrections (Table 3).
To facilitate comparison of our binding energies with energies
from experiments we use a nine atom Ni cluster model (six
atoms in the top layer, and three in a second layer) to calculate
frequencies for each species adsorbed to a µ3 site (see the
Supporting Information for detailed results).
Because experimental data are presently available for com-
parison, the case of H binding is of particular importance. We
find that the ZPE correction for H is 4.1 kcal/mol and the finite
temperature correction at 298.15 K is 4.2 kcal/mol, leading to
effective binding energies of Ebond,0K ) 61.6 kcal/mol at 0 K
and Ebond,298K ) 61.6 kcal/mol at 298.15 K. Taking into account
the zpe for H2 of 6.4 kcal/mol and the 298.15 K temperature
correction of 7.0 kcal/mol, the heats of formation for Had are
∆H0K ) -12.6 kcal/mol and ∆H298.15K ) -12.8 kcal/mol. This
result is in excellent agreement with the experimental value of
-11.5 kcal/mol.37
In all cases the ZPE correction decreases the binding energy
of a species because adsorption introduces three additional
vibrational modes associated with the motion of the adsorbate
relative to the surface in exchange for the three lost transitional
degrees of freedom (At 0 K there is no contribution from either
rotations or translations). At finite temperature translational
degrees of freedom become more important as the temperature
increases; however, because their contribution to the enthalpy
of the reaction depends on the pressure of the gas phase species
and on the surface coverage of the adsorbed species we neglect
translational contributions in the numbers we present here.
Nevertheless, for all binding energies, translation favors the gas
phase where there is free translation in three dimensions over
the adsorbed phase where at best there is hindered translation
in two dimensions. Thus the values we report are for the case
most favorable to the adsorbed phase.
In the case of reaction enthalpies we find that in all cases the
ZPE and finite temperature corrections favor the species with a
large number of separate species on the surface (in Table 4 this
corresponds to the products in all reactions). Again, we are not
including effects of pressure for gas phase species and surface
coverage for surface species. Increased pressure in the gas phase
favors the formation of surface species, while increased surface
TABLE 3: ZPE and Finite Temperature Corrected Binding Energies of CHx Species to Most Stable Sites on Ni(111)a
site Ebond,De
gas
ZPE
ad
ZPE
net
ZPE Ebond,0K
gas 298.15 K
correction
ad 298.15 K
correction
total 298.15 K
correction
Ebond,
298.15K
H fcc 65.7 0.0 4.1 4.1 61.6 0.0 4.2 4.2 61.5
C hcp 154.8 0.0 1.6 1.6 153.2 0.0 1.7 1.7 151.3
CH hcp 148.9 4.0 8.7 3.7 145.2 4.6 8.7 4.1 143.5
CH2 fcc 89.3 10.9 13.9 3.0 86.3 11.8 15.4 3.6 83.9
CH3 fcc 42.7 18.7 22.0 3.3 39.5 19.8 23.5 3.7 37.3
a Ebond,De is the binding energy obtained directly from our periodic PBE calculations on four layer, p(2 × 2) Ni(111) slab. Ebond,0K corrects
the previous Ebond,De with the ZPE correction obtained from B3LYP calculations on a Ni9 cluster. Ebond,298.15K corrects Ebond,De with the finite
temperature corrections obtained from B3LYP calculations on a Ni9 cluster.
TABLE 4: ZPE and Finite Temperature Corrected Binding
Energies for Dehydrogenation Enthalpies on Ni(111)a
reaction ∆HDe ∆H0K ∆H298.15K
H2,gas f Had + Had -13.5 -12.6 -12.8
CH4,gas f CH3,ad + Had 0.1 -2.2 -1.5
CH3,ad f CH2,ad + Had 1.3 -2.5 -2.6
CH2,ad f CHad + Had -10.2 -12.3 -12.7
CHad f Cad + Had 11.6 9.6 8.9
a ∆HDe ) ∆Ereaction is the reaction energy obtained directly from
our periodic PBE calculations on four layer, p(2 × 2) Ni(111) slab.
∆H0K is the reaction enthalpy at 0 K (includes ZPE corrections
obtained from B3LYP calculations on a Ni9 cluster). ∆H298.15K is the
reaction enthalpy at 298.15 K (includes finite temperature
corrections obtained from B3LYP calculations on a Ni9 cluster).
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coverage favors hydrogenation reactions as well as the creation
of gas phase species.
4.1.2. RelatiWe Stabilities. Experimental studies have identi-
fied the most stable hydrocarbon species on Ni(111). Surface
science experiments6 used HREELS to identify methyl as the
stable hydrocarbon product directly following CH4 chemisorp-
tion on Ni(111), concluding that CH3 binds to a µ3 site with 3V
symmetry. This result agrees with our calculations which find
binding to a µ3 fcc site with C3V symmetry to be most favorable.
HREELS experiments also show that CHad binds most favorably
to 3-fold sites in a symmetric structure,6 in agreement with our
calculations.
In experiments on the chemisorption of CH4 on Ni(111) CHad
is observed but not CH2,ad The absence of CH2,ad agrees with
our calculations which suggest that CH2,ad immediately further
decomposes to produce CHad because CH2,ad is less stable than
either CH3,ad and CHad and more importantly because the barrier
to form CHad from CH2,ad is much lower than the barrier to
form CH2,ad from CH3,ad.
In the Fischer-Tropsch synthesis producing CH4 from CO
and H2, CH3,ad, CH2,ad, and CHad intermediates were all observed
using SIMS.7 The authors used these results as evidence against
a previously proposed model which made Cad + Had f CHad
the rate-determining step in the methanation process.40 Their
results suggested that all three CHx fragments adsorbed on
Ni(111) have similar stabilities and are all present on the surface
in a mechanism of sequential hydrogenation. More specifically,
their experiments show that the CH2,ad population is stable up
to ∼411 K, the CH3,ad population up to ∼443 K, and the CHad
population up to at least 483 K. This is consistent with our
findings in that CH2,ad is the least stable CHx species on Ni(111)
and that CHad is the most stable. Furthermore, if we assume
that three body collisions (e.g., Cad + Had + Had f CH2,ad) do
not play an important role in the hydrogenation process and
that the excess energy which a newly formed product has from
overcoming the previous hydrogenation barrier is dissipated to
the surface before it collides with another Had (so that the energy
from overcoming the previous barrier is not necessarily available
for the next hydrogenation step), then our barriers for the
reactions of interest all fall within a 4.1 kcal/mol range. These
barriers are 21.1 kcal/mol for Cad + Hadf CHad, 18.4 kcal/mol
for CHad + Had f CH2,ad, and 17.0 kcal/mol for CH2,ad + Had
f CH3,ad. Thus, it is reasonable that none of these steps is rate-
determining by itself.
Finally, the high temperature of 700 K41 required to decom-
pose CHad into Cad and Had supports the high barrier predicted
in our calculations, 32.8 kcal/mol.
4.2. Comparison with Previous Theory. Our results are in
agreement with most of the major qualitative trends in previous
theoretical studies. Our binding energies (see Table 5), reaction
energies, and barriers (see Table 6) generally lie in the middle
of the wide range of binding energies previously predicted.
The most relevant comparison for our calculations is with
previous periodic calculations. Our results are in excellent
agreement with those of Henkelman et al.10 who used a (3 ×
3) slab with five layers with a plane wave basis set. For binding
H at an fcc site they found Ebond ) 64.5 compared to our value
of 65.7 kcal/mol. For binding CH3 to an fcc site they found
Ebond ) 41.5 kcal/mol compared to our value of 42.7 kcal/mol.
They found a barrier for methyl diffusion of 3.9 kcal/mol
compared to our value of 3.4 kcal/mol.
Michaelides et al.38,11,42 used PW91 with a plane wave basis
set on a three-layer (2 × 2) periodic slab. They found that the
fcc site is preferred for H, CH2, and CH3, with a binding energy
for H of Ebond ) 60.0 kcal/mol (we find 65.7 kcal/mol), a binding
energy for CH2 of Ebond ) 75.2 kcal/mol (we find 89.3 kcal/
mol), and a binding energy for CH3 of Ebond ) 34.1 kcal/mol
(we find 42.7 kcal/mol). Although these differences between
binding energies show similar trends, they find smaller binding
energies than we do, probably because of the use of a three-
layer slab model, which underestimates binding energies (see
Figure 1). For CH3,ad f CH2,ad + Had they find a barrier of
24.7 kcal/mol (we found 18.4 kcal/mol). This higher barrier is
likely related to their much higher (+11.4 kcal/mol) reaction
energy (we found +1.4 kcal/mol).
Watwe et al.14 carried out closed shell PBE calculations with
a plane wave basis set on a (2 × 2) unit cell with a two-layer
periodic slab for the entire dissociation pathway. Their reaction
TABLE 5: Comparison of Theoretical Results for Binding of CHx Species to Ni(111)a
present Henkelman10 Michaelides38,11 Burghgraef45,9 Yang16,17
model 4 L, 2 × 2 slab 5 L, 3 × 3 slab 3 L, 3 × 3 slab Ni13 cluster Ni62 cluster
method DFT (PBE) DFT(PW91) DFT (PW91) DFT (LDA) CI + embeding
H top 52.7 - - 56 44.7
H bridge 62.6 - - 60 59.3
H fcc 65.7 64.5 60.0 65 61.8
H hcp 65.4 - 58.6 - 61.3
C top 103.6 - - 90 -
C bridge 143.1 - - 114 -
C fcc 153.2 - - 142 -
C hcp 154.8 - - - -
CH top 99.5 - - 83 39.0
CH bridge 139.4 - - 104 66.9
CH fcc 148.0 - - 128 69.2
CH hcp 148.9 - - - 72.2
CH2 top 66.0 - 54.4 72 36.4
CH2 bridge 83.9 - 72.4 68 62.7
CH2 fcc 89.3 - 75.2 90 62.3
CH2 hcp 88.6 - 74.3 - 67.1
CH3 top 37.2 - 28.6 43 33.9
CH3 bridge 39.3 - 31.6 36 35.5
CH3 fcc 42.7 41.5 34.1 34 38.7
CH3 hcp 42.3 - 33.7 - 38.7
a Comparison of binding energies for various methods and models for CHx species binding at different sites on Ni(111). All values reported
here are in kcal/mol.
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energies and barrier for the three steps of CH3 dissociation are
all within 2.1 kcal/mol of the values we find. They find CH3,ad
f CH2,ad + Had to be exothermic with an overall reaction energy
of -0.7 kcal/mol (we find an endothermic reaction energy of
1.4 kcal/mol) and a barrier of 16.3 kcal/mol (we find 18.4 kcal/
mol). For CH2,ad f CHad + Had they find a reaction energy of
-10.3 kcal/mol (we find -10.2 kcal/mol) and a barrier of 6.7
kcal/mol (we find 8.3 kcal/mol). For CHad f Cad +Had they
find a reaction energy of 12.7 kcal/mol (we find 13.3 kcal/mol)
and a barrier of 6.7 kcal/mol (we find 8.3 kcal/mol). Finally,
they find that the dissociation of H2 on Ni(111) is exothermic,
with a chemisorption energy of -20.6 kcal/mol (we find -26.9
kcal/mol). If we had neglected spin polarization (as they do)
we would have found -30.0 kcal/mol. The experimental value
of -23.0 kcal/mol must be corrected for ZPE and finite
temperature effects to compare to these computed numbers,
leading to -24.3 kcal/mol in good agreement with our value
of -26.9 kcal/mol.
4.3. Comparison with Previous Kinetic Models. The reac-
tion energetics described in this paper find their significance
mainly in the context of larger reaction networks. Simple kinetic
models of CO methanation and CH4 decomposition to carbon
(two relevant processes involving such reaction networks) have
been developed utilizing parameters (e.g., reaction energies and
barrier heights) from both experiment and theory.43,44,14 The
simplest of these reaction schemes must consider parameters
for at least 8-10 reactions. Here we have considered three such
reactions. The development of such a kinetic model is beyond
the scope of this paper; nevertheless, the results presented here
could appropriately be combined with additional results to
produce kinetic models of relevant chemical processes.
5. Conclusions
Where data are available for comparison to experiment our
results for the binding energies and barriers are in agreement
with the experimental values. This agreement suggests that these
relatively simple calculations with four layers of Ni atoms and
a (2 × 2) unit cell are sufficient for both binding enthalpies
and for barriers obtained with the NEB method.
We find that Ni catalyzes these reactions by inserting a Ni
atom into the C-H bond being broken and stabilizes the leaving
H atom with a localized Ni-H bond. The Ni atom simulta-
neously forms a covalent bond to the C orbital being vacated
by the H atom, stabilizing the remaining CHx fragment. Nickel
is able to catalyze both dehydrogenation and methanation
reactions because the energies for H and the various CHx
fragments binding to Ni(111) balance the energy of the C-H
bond being broken (to within 10.2 kcal/mol). The strength of
the H bond to the surface (65.7 kcal/mol, which is a bit stronger
than an H-H bond per H, 52.2 kcal/mol), as well as the nearly
proportional nature of the bond order/bond strength relationship
for the hydrocarbon species make this possible. In the dissocia-
tion of CH3,ad on Ni(111), our barriers indicate that CH2,ad would
not be stable at the temperature needed to break the first C-H
bond in CH3,ad, whereas CHad is stable. In the reverse process
of methanation, CH2,ad is expected to be a stable intermediate
along with CHad and CH3,ab. These predications are in good
agreement with experiment.
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